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Mathematical models are being used with increasing
frequency to estimate the responses of water bodies to
changes in nutrient loadings, and to assist in developing
and assessing the water quality benefits to be accrued
from various eutrophication management options. Al-
though the current models have various forms and vary-
ing degrees of complexity, two basic types of mathe-
matical models have been developed recently for eutro-
phication modeling: "statistical" models and "dynamic"
models.

Dynamic models consist basically of a series of in-
terrelated differential equations which attempt to de-
scribe the biological, chemical, and physical reactions
and interactions governing aquatic plant growth (usually
algae), including nutrient loads and other driving forces,
such as light and temperature. These equations are
solved simultaneously, usually by computer, to give a
quantitative expression of algal growth dynamics and
other related lake responses (such as in-lake nutrient
levels) over a given period. Such models are calibrated
("tuned") for a given water body by adjusting the
values of the coefficients in the various equations to
reflect the specific in-lake conditions for the various
parameters included in the equations to the extent
necessary to make model output match measured
characteristics of the water body. Therefore, such
models, because they were "system dependent” (that is,
they must be readjusted for each water body), are not
widely applicable to other water bodies having
substantially different characteristics, or to the same
water body if the driving force load or other
characteristics are substantially changed. In addition,
the data requirements for these models are usually very
extensive. Because of such factors, the use of dynamic
models has thus far generally been limited to site-
specific examples. No dynamic model has been
demonstrated to have appreciable predictive capability
beyond the situations for which they were designed.

Prominent examples of dynamic models that have
been developed for the North American Great Lakes
include the phytoplankton model (Lake I) developed for
Lake Ontario by Thomann et al.;"? the dissolved
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oxygen (DO) model developed for lake Erie by DiToro
and Connolly;® and the phytoplankton class succession
model developed for Saginaw Bay, Lake Huron, by
Bierman.*

A statistical or "empirical" eutrophication model, by
contrast, is basically a statistical regression that quan-
tifies a basic cause-and-effect relationship, and does not
attempt to account for or characterize every component
involved in the eutrophication process. The statistical
models discussed in this paper were developed by plot-
ting the value of the chosen measure of "effect" (that is,
algal production as measured by a response parameter
such as chlorophyll concentration) as a function of the
factor exerting primary control over algal growth (P load
suitably normalized), for each in a group of water bodies,
and determining the line of best fit or regression through
the individual points. Such models can he viewed,
therefore, as statistical approaches relating nutrient (P)
inputs and resultant eutrophication-related water
quality responses to these inputs. They will not provide
a detailed description of in-lake nutrient or algal
dynamics, but rather, are formulated to describe the
steady-state or equilibrium response. The data
requirements are usually much less extensive for
statistical models than for dynamic models.

Despite tens of millions of dollars spent on
water quality management, adequate load and
response data are available for less than a
dozen water bodies.

Prominent examples of recent statistical models for
assessing eutrophication include those of Vollenwei-
der;*7 Dillon and Rigler;8 Larsen and Mercier;’ Jones
and Bachmann;'® Rast and Lee;'' Lee et al.;'* Jones
and Lee;" and Vollenweider and Kerekes.'* While all
of these models are in principle the same, the Rast and
Lee'"" '? regressions, especially as expanded by Jones and
Lee,"® have the largest, most varied data base and are
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hence likely to be most representative of the general
case.

In this paper, the predictive capability of the “U.S.
Organization for Economic Cooperation and Develop-
ment (OECD)-Vollenweider-Rast-Lee and Jones” P load-
response models is examined. This was done by
collecting load and response data from the literature on
water bodies that had undergone substantial P load re-
ductions, both before and after the load changes. Only
those water bodies with data sufficient to describe load
and response characteristics both before and after load-
ing changes were included in this analysis. The models
were used to estimate the post-change equilibrium re-
sponse, based on pre-change characteristics and the
magnitude of load change. This prediction was then
compared to the response measured after P load reduc-
tion occurred. Only by evaluating a model under sub-
stantially altered load conditions can its capability for
predicting response be verified.

It must be emphasized that this analysis is not a
strictly statistical exercise. Others have discussed the sig-
nificance of the concept of uncertainty analysis in re-
lation to statistical modeling efforts. The purpose of this
paper is to describe the predictive capability of this sta-
tistical modeling approach by direct comparison of pre-
dicted and measured responses. It is felt that this de-
scription will have more immediate usefulness to lake or
impoundment managers and decision-makers than a
strictly statistical analysis. This latter aspect, however,
is not to be ignored. The reader is referred to other
sources for a detailed discussion of the associated
statistics of this modeling approach.'’™!’

U.S. OECD EUTROPHICATION
MODELING APPROACH

The models presented herein are an outgrowth of the
Cooperative Programme on eutrophication Control of
OECD. This program was initiated to define quantifiable
relationships between nutrient loads and eutrophication-
related responses of water bodies, which could be used as
management tools in the assessment and control of
eutrophication in lakes and impoundments. Through the
OECD program, a detailed evaluation was made of
loadings and responses of over 200 water bodies exhib-
iting a variety of trophic conditions and physiographic
factors in about 20 nations around the world. These
water bodies were grouped into four regional projects.
Approximately 34 lakes and reservoirs in the U.S. were
included in the OECD-North American Project. The
OECD ecutrophication study program is described in
detail by Rast and Lee'' and Vollenweider and Ker-
ekes.'

Vollenweider,” ” as part of his work in the OECD eu-
trophication study program, developed overall empirical
relationships between areal annual total phosphorus

July 1983

loads normalized by mean depths and hydraulic residence
times in the expression {[L(P)/z/ 1,))/[1 + 1, "]}, and annual
average chlorophyll concentrations for a number of European
lakes. In his loading expression, L(P) is the areal annual total
P load in mg P/m’/y, z is mean depth in m, and t,, is hydraulic
residence time in years. The expression z / 1, is also given the
notation g,. As discussed by Vollenweider and Kerekes,'
this normalized loading expression is theoretically equal to
and can be empirically related to the mean, in-lake, steady-
state total P concentration. Rast and Lee'' followed
Vollenweider's approach for the U.S. OECD water bodies by
relating their phosphorus loads to their chlorophyll
concentrations, and deriving a regression similar to
Vollenweider's. Using the U.S. OECD data base, Rast and
Lee'' also developed regressions between P load (normalized
by mean depth and hydraulic residence time) and Secchi
depth, and between normalized P load and hypolimnetic
oxygen depletion rate. These were presented and discussed by
Rast and Lee'' and Lee et al.'

Since that time, the authors'® have evaluated the P
load and eutrophication response characteristics of ap-
proximately 40 more water bodies in the U.S. Jones and
Lee"’ have slightly modified the U.S. OECD load-
response regressions for Secchi depth and chlorophyll
based on the addition of these water bodies but have
found that these approximately 40 additional U. S. water
bodies did not substantially alter the lines of best fit
based on the U.S. OECD data alone. Figure 1 shows the
regressions developed by Jones and Lee,'* which include
the U.S. OECD data and other data evaluated by Rast
and Lee.'" They are based on water bodies having a wide
variety of morphologic and hydrologic characteristics
and geographic locations, ranging from small, shallow
lakes and impoundments, to the Great Lakes, including
Lake Superior. They include water bodies with trophic
conditions ranging from oligotrophic to hypereutrophic.
Lee has also found that the U.S. OECD load-response
relationships are applicable to the approximately 200
other OECD water bodies evaluated in the OECD
eutrophication study program. As discussed in a
subsequent section of this paper, Lee and Jones'® ex-
panded this approach to develop a relationship between P
load and fish yield in water bodies.

PROCEDURE AND ANALYSIS

The predictive capability of the U.S. OECD eutro-
phication modeling approach, and Jones and Lee'’
regressions was examined by comparing the predicted
and measured responses of water bodies subjected to
substantial changes in their phosphorus loads. The au-
thors surveyed the eutrophication literature for perti-
nent, requisite data to determine load-response cou-
plings for as many such water bodies as possible for
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Figure 1—Phosphorus load: Eutrophication response relation-
ships for U.S. water bodies (after Jones and Lee'®). L(P) =
Areal Annual Phosphorus Load (mg P/m?/a); ¢, = Mean
Depth + Hydraulic Residence Time = z/rw (m/a); and 7w =
Hydraulic Residence Time (yr).
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before and after the P load change. No attempt was
made to select certain types or classes of water bodies.
Because data for phosphorus loads and water body con-
ditions both before and after changes in the phosphorus
loads were needed, sufficient information was found for
only about 15 water bodies, located in the U. S., Canada,
and Sweden. A number of these water bodies were not
included in this evaluation, however, because they were
found to violate one or more of the significant basic
premises that must be fulfilled to reliably use the OECD
eutrophication modeling approach. These omissions, as
well as the general conditions that must be met, are
discussed in a subsequent section. Further, during prep-
aration of this paper, a paper by Smith and Shapiro'’
was published that discussed chlorophyll-phosphorus
concentration relationships. Those authors' sources were
examined to determine if adequate P loading informa-
tion was provided so their water bodies could be in-
cluded in this paper. As discussed in a subsequent sec-
tion, few of the water bodies discussed by Smith and
Shapiro could be included herein.

The general locations, phosphorus loads, and hy-
drologic and morphometric characteristics of the water
bodies evaluated herein are presented in Table 1. Cor-
responding data on chlorophyll concentrations, Secchi
depth transparencies, and hypolimnetic oxygen deple-
tion roles are presented in Table 2. The columns labeled
"Pre-" and "Post-" in Table 2 refer to conditions prior
to, and following initiation of phosphorus control pro-
grams, respectively.

Figures 2, 3, and 4 show the normalized P load-re-
sponse regressions for U.S. water bodies with the load-
response couplings for each considered herein for "be-
fore" and "after" P load changes. The predicted value
for the post P load change condition is at the intersection
of a line drawn through the "pre-change" point parallel
to the overall line of best fit, and a vertical line drawn
through the "post-change," equilibrium, normalized P
loading.

DISCUSSION

Several things are immediately evident from exami-
nation of Figures 2, 3, and 4. First, the measured load-
response couplings for any water body tend to maintain
a fairly constant linear distance from the line of best fit.
In other words, the load-response coupling for a water
body tends to move parallel to the line of best fit in
response to changes in the P loading term for it. (This
is the basis for the procedure used to predict post-change
response.) Second, in most cases the load-response cou-
plings lie within 95% confidence intervals about the re-
gression lines. These observations are even more strik-
ing when it is recalled that the water bodies included
herein were not specifically chosen, but rather repre-
sented the data from all water bodies for which sufficient
information could be found to make this evaluation.
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Table 1—Summary of data on phosphorus loads and morphometric and hydrologic characteristics.

Phosphorus load Mean Hydraulic
Identifi- (metric tons P/a) depth, residence ‘“Hydraulic Reference
cation z time, 7, load”, q, for raw
Lake no. Location Pre- Post- (m) (y) (m/a) data
Boren 1 Sweden 359 9.98 6 0.2 30 20
Ekoln 2 Sweden 100 (1972) 56.8° (1974)
37.9° (1975) 20 0.4 50 20, 21
32.9° (1976)
Gravenhurst Bay 3 Ontario, Canada 3805° 1570° 76 1.8 4.2 22
Haley's Pond 4 Maine, USA 0.95 0.24 24 0.13 19 23
Lower Minnetonka 5 Minnesota, USA 12.9¢ 28 8.3 6.3 1.32 24
(whole lake)
Ryssbysjén 6 Sweden 49° 1:1® 1.8 0.13 13.8 25, 26
Sammamish iy Washington, USA 20.2 13.3 17T 18 98 27. 28
Shagawa 8 Minnesota, USA 6.84 (1971) 2.14 (1973) 5.7 1.0 5.7 29, 30
1.49 (1974)
1.02 (1975)
0.89 (1976)
Washington 9 Washington, USA 201.5 (1964) 43.8 (1970) 329 1.9 (1964) 17.7 (1964) 31, 32
37.7 (1971) 2.4 (1970) 13.8 (1970)
87.6 (1972) 1.9 (1971) 17.6 (1971)
27.2 (1973) 1.9 (1972) 17.3 (1972)
41.2 (1974) 3.2 (1973) 10.2 (1973)
66.6 (1975) 2.2 (1974) 15.2 (1974)
2 (1975) 16.9 (1975)
Wahnbach 10 West Germany — — - - — 33, 34

?Indicates year of data for lakes with multiple data points.

®Indicates data were calculated or extrapolated from graphs in cited references.

©Mean value of reported range.

¢ For summer-spring of and after response data rather than 1a||-sum?ﬁer of year before and including response.

Dash (—) indicates no data found.

A comparison of the measured and predicted values
for water quality response parameters based on Figures
2, 3, and 4 is presented in Table 3. Most of the predicted
chlorophyll and Secchi depth values are within a factor
of 2 of the measured values, while nearly all predicted
values are within a factor of 3. The measured hypolim-
netic oxygen depletion rate values are within a factor of
2 of the predicted values, although there were only two
water bodies with sufficient data for this parameter avail-
able.

Based on these results, it appears that from the point
of view of lake management, the statistical models pre-
sented above have considerable validity and usefulness
as quantitative tools for assessing the expected water
quality responses of lakes and impoundments to changes
in their phosphorus loads. However, in some cases,
measured values deviated somewhat from predictions
based on the regression lines in the three models (Figures
2, 3, and 4). This deviation is related to a variety of
factors, both general and site-specific, as discussed
below.

July 1983

General considerations. There are several conditions
that generally must be met before the U.S. OECD eu-
trophication models presented herein should be applied
to any water body. A principal prerequisite is that max-
imum summer algal biomass in the water body be lim-
ited by phosphorus. Some investigators still occasionally
use the N to P ratio alone for determining the limiting
nutrient. Others use the results of standard laboratory
algal assay "bottle tests." Lee and Jones®” discuss why
neither of these approaches alone or together is sufficient
or technically defensible for this purpose. They offer
guidance on determining the limiting nutrient and on
how this information should be used in eutrophication
management. As they point out, more important than an
N to P ratio, or the results of an algal growth potential
study, is whether or not the available N or available P in
the water body is reduced to growth-limiting levels
during the period of eutrophication-related water quality
concern. It has also been found that if water bodies are
close to P limitation, they also appear generally to follow
the correlations presented herein. This is consistent with
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Table 2—Normalized P loading and waterbody response parameters before and after P load reduction.

Summer mean

Hypolimnetic

Summer mean oxygen deple-

(L(PYa)/(1 + V1) chlorophyll a Secchi depth tion rate
(mg P/m®) (mg/m?) (m) (g Oz/m?-d)
Lake Pre- Post- Pre- Post- Pre- Post- Pre- Post-
Boren 50 19 8.7 5.2 1.4 20 — —
Ekoln 175 (1972 88 (1974)*° 25 12 1.6 21 — —
71 (1975)° 8.3 2.2 — —_
58 (1976)° 8.5 231 — —
Gravenhurst Bay 96.1 38.4 13.8 5 19 39 0.50 0.25
Haley's Pond 542 13.9 30 54 23 3.0 — —
Minnetonka 106.8 23.1 26° 13° 1.4 1.8 — —
Ryssbysjbn 95° 21° 36 16 08 08 — -
Sammamish 104 68 9.8 6 3.3 3.5 0.49 0.49
Shagawa 65.2 (1971) 20.4 (1973) 20 21.2 — —_ — —_
14.2 (1974) 113 = —
9.7 (1975) 16.3 L =L
8.5 (1976) 18.5 7 —
Washington 55 (1964) 14.2 (1970) 348 8.8 1.0 25 — —
10.3 (1971) 6.1 35 —
24.3 (1972) 7.2 27 —
10.9 (1973) 4.7 3.3 T
12.5 (1974) 43 35 —
18.8 (1975) 49 39 _—
Wahnbach 51 (1969) 10 (1978) 25 8 2 = — —
7.5 (1979) 35
Dash (—) indicates data not available.

® Indicates year of data for lakes with multiple data points.

P Indicates data were calculated or extrapolated from graphs in cited reference.

Schindler's’® remarks concerning the ultimate control of
algal biomass production by phosphorus, even in water
bodies in which nitrogen appears to be limiting growth.

Another necessary condition for the proper application
of the U.S. OECD eutrophication models is that aquatic
plant growth be manifested primarily as planktonic algae,
rather than as attached algae or aquatic macrophytes.
Further, only moderate amounts of non-algal turbidity or
color should be present. Also, the hydraulic residence
time during the growing season must be at least 2 weeks
(0.04 year) to allow time for algaec to grow. While
adaptations of these models are being developed for N-
limited water bodies and for those with water quality
problems related to aquatic macrophytes, the models
presented here should not be relied upon for those
situations. Other assumptions inherent in the OECD
eutrophication modeling approach necessitate that the
water bodies behave like completely mixed reactors; that
they have constant volumes; and that P sedimentation is
proportional to in-lake concentration.” """
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Some adjustments can be made if some of these as-
sumptions are not met, such as in a case where the vol-
ume is known to fluctuate over an annual cycle.

These assumptions are generally sufficiently met in
most water bodies, as evidenced by the fact that the
OECD eutrophication modeling approach has been
found applicable to the approximately 300 water bodies
evaluated to date. In other cases, the water bodies have
been found to have a peculiarity that precludes their
fitting the correlations, and the water bodies evaluated
here generally track along the lines of best fit when P
loading characteristics are changed. However, the load-
response coupling for a given water body may deviate
somewhat from the U.S. water body lines of best fit.
Because all data evaluated herein were derived from the
literature, some of which was not wholly directed on the
focal point of the current study, it was not possible in
every case to assess if these assumptions and conditions
were met. Water bodies for which pre- and post-P load
change data were available, but which were known not
to meet one of these significant conditions, were inten-
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Figure 2—Phosphorus loading: Chlorophyll couplings before
and after P load changes (see Table 1 for water body identi-
fication).

tionally not included in this evaluation. For example,
while pre- and post-P load change data were available
for Lakes Giran and Ranisjon in Sweden (the latter of
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Figure 3—Phosphorus loading: Secchi depth couplings before
and after P load changes (see Table 1 for water body identi-
fication).
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which was included in the Smith and Shapiro' study),
the authors indicated that these water bodies were not P
limited. Lake Uttran (Sweden) experienced an increase
in chlorophyll concentrations after the diversion of
municipal wastewaters from the lake. Investigators®" *’
have indicated that unusually strong winds during the
summer stirred up the sediments more than usual,
increasing the nutrient input from the sediment. On a
similar note, a number of "lake restoration" techniques
were applied to Lake Norrviken (Sweden), making it
difficult to sort out the impact of P load reduction alone
on eutrophication-related water quality.

It was also not possible to be certain that all data used
in this evaluation were comparable. In some cases it was
necessary to obtain data by interpolation from graphed
data or to use loading term [(L(P)/qs)/(1 + t,"%)] values
determined by the authors of the referenced studies.
Data for water bodies that were sampled more frequently
during the summer growing season were likely to be
more accurate in defining summer in-lake conditions
than for those less frequently sampled. Further, because
only limited amounts of peripheral information regarding
the water bodies existed, namely detailed water in-flow
patterns. morphological and aquatic plant-related
characteristics and other changes, such as a decrease in
other contaminant loads, the data presented could not be
screened as Lee and Jones'> ** recommend and loads
could not be independently verified. It was also not pos-
sible to determine if errors were made in collecting water
samples, or in measuring the parameters of concern.

It must also be recognized that the response of a water
body to a reduction in phosphorus load will not be im-
mediate. Rather, a delay in characteristic, during which
in-lake phosphorus concentrations and the resultant re-
sponse parameters are adjusting to the new phosphorus
load and will not be in an equilibrium condition. The
above models predict steady-state conditions. Assuming

10 e —

T 1T
sf /)"_
6 ® Pre P Lood Change 7
o Post P Load Change rh
4 -~
-~
/
/
2k 95% Confidence Limit o

-
v o
o 1=
& - -
S 0BEF -
= - -
- O6F ==
= L ot
/_-“ US 0ECD Line of
0.4 F- Best Fit 11

Hypolimnetic Oxygen Depletion Rate

[+3-3 3

il L I |

& 810 20 40 60 BOIOO

1 2 4 200 400 600 1000

(L{PY/a )/ (1+4T)
(mg pra’)
Figure 4—Phosphorus loading: Hypolimnetic oxygen deple-
tion rate couplings before and after P load changes (see Table
1 for water body identification).
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Table 3—Comparison of measured and predicted water quality characteristic responses to phosphorus load reduction.

Summer mean

chlorophyll a (zg/L)

Summer mean
Secchi depth (m)

Hypolimnetic oxygen depletion
rate (g O./m?-d)

Lake Measured Predicted P/M* Measured Predicted P/M® Measured Predicted P/M*
Boren 5.2 4.0 0.77 20 25 1.2 — — —
Ekoln 12 14 1.2 21 22 1.0 — — —

83 12 1.4 2.2 24 1.1 — — —

85 10 1.2 21 26 1.2 — — -

Gravenhurst Bay 5.0 6.6 1.3 39 29 0.74 0.25 0.33 1.3

Haley's Pond 54 99 1.8 3.0 415 1.4 — — —_

Lower Minnetonka 13 6.6 0.51 1.8 2.8 1.6 —_ —_ —

Ryssbysjon 16 105 0.66 0.8 1.6 20 —_ — —
Sammamish 6 7 1.2 35 4.0 11 0.49 0.4 0.82

Shagawa 21.2 fiy 0.36 — — — —_ — -

1.3 5.8 0.51 — — — —_— - —

16.3 4.3 0.26 — — — —_ — —

18.5 38 0.20 - — — —_ — -

Washington 6.1 9 1.5 35 215 0.61 — — —

7.2 18 25 2.7 1.45 0.53 e —_ —_

4.7 96 20 33 21 0.64 — —_ —_

4.3 10.6 25 35 1.95 0.56 — — —_

39 14.5 3.7 39 1.65 0.42 — —_ —_

Wahnbach 8 6.6 0.82 — — — — — —

35 5 14 = = = - - —

*P/M = Predicted value + Measured value.
Dash (—) indicates no data found.

no additional significant change in the phosphorus load
occurs, a lake or impoundment will move toward a new
steady-state condition in an exponential manner.> " ' 3*
In accordance with this exponential function, the new
steady-state condition will be 95% achieved in a time
period equal to three times the phosphorus residence
time. It is important to point out that although the
chemical residence time of a conservative chemical is the
same as its hydraulic residence time, for a non-con-
servative chemical like phosphorus, the chemical resi-
dence time is normally shorter than the water residence
time. Hence, it is inappropriate to make estimations of
"recovery" time for water bodies' eutrophication-related
response characteristics based on the hydraulic residence
time, as some attempt to do. It is the residence time of P
in the water body that governs response time of a water
body to a change in phosphorus load. In a manner
analogous to the hydraulic residence time, the phosphorus
residence time can be calculated as the annual average in-
lake phosphorus mass divided by the annual phosphorus
mass input.

To be technically proper, the post-P load change data
must represent the new steady-state conditions. In the
evaluation presented in this paper, however, it was not
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possible in most cases to determine phosphorus residence
time. Furthermore, there was substantial year-to-year
variability in the phosphorus loads for the water bodies
with multiple data points. Hence, the degree to which
steady-state conditions had been achieved in each case
(following phosphorus load reductions) was not clear.
While Schindler®® has stated that there is little practical
reason to expect extensive time lags in the phytoplankton
responses of most water bodies to reduced phosphorus
loads, it is possible that some of the variance shown in
Figures 2 through 4 relates to the fact that relatively
steady-state conditions had not been achieved in all cases.
It is also important to understand that there is typically
considerable year-to-year variability in P mass input to a
water body and in hydraulic load that affect residence
time, as demonstrated in a study of Lake Lillinonah,
Conn., on the Housatonic River."' In most cases
evaluated herein, only one year's data were available to
describe "before" conditions. It was not possible to
assess how representative this condition was or if any
other load alterations were made prior to that time. Rast
and Lee'' found that, based on U.S. OECD data, the
phosphorus residence time generally decreases as the de-
gree of eutrophy increases. This suggests that eutrophic
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lakes will respond more rapidly to phosphorus control
measures than less productive water bodies.

Some deviation from the expected behavior of the
lakes in Figures 2, 3, and 4 may also be related to the
fact that the models are based on total phosphorus loads.
It is known that appreciable portions of the total P loads
to some water bodies, especially from non-point sources,
are in forms that are unavailable for uptake and use by
planktonic algae. This P availability factor is usually
normalized in the design of the models.*? But when an
unusually large part of the P load is particulate, or oth-
erwise not readily available, use of the total P load in
the U.S. OECD models will cause the water body to plot
farther to the right than expected. Similarly, if an
unusually large part of the P load reduction was caused
by reducing the amounts of unavailable P, the measured
responses for the water body would not be as large as
predicted. Adjustments in the total P load can be made
for such water bodies if sufficient information is avail-
able. But, because only the total P loads were reported
for the majority of the lakes and impoundments eval-
uated, this factor may have also contributed to variations
seen in Figures 2 through 4. Lee et al.*? provide
further discussion of P availability and its implications
for water quality management.

It has been intimated that the U.S. OECD models may
not be applicable in their present forms to lakes or
reservoirs exhibiting stratified inter- or under-flow (den-
sity currents) that could inhibit nutrients in the inflow
waters from interacting with algal populations in the
euphotic zone. It was thought that because of this "short-
circuiting,"’it may be necessary to modify the hydraulic
and phosphorus residence time expressions or the load-
ing term to compensate. However, Newbry et al.*** **
found that the dozen or so Tennessee Valley Authority
(TVA) reservoirs on which data were available to them,
many of which are known to exhibit or were suspected
of exhibiting this phenomenon, follow the U.S. water
body load-response relationships. They** * noted that
an important factor governing the potential impact of
this phenomenon on algal growth is the time of year in
which it occurred. For the water body intensively in-
vestigated by them (Cherokee Reservoir), the stratified
flow occurred late in the summer growing season and
did not apparently affect summer phosphorus utilization.

The observed, general variance of the points in Fig-
ures 2. 3, and 4, and reflected in Table 2, from the water
body response expected is undoubtedly related to the
above-mentioned factors. However, in view of the fact
that the data used herein could not be screened to a
substantial extent, the fit and behavior of water bodies
compared with what is predicted is remarkable.

Site-specific considerations. Several U.S. water
bodies have gained reputations for "failing" to respond
to nutrient load reductions to the degrees investigators
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had anticipated.’® *° One of these is Lake

Sammamish, Wash. It is frequently said that this lake
did not recover to the degree it should have based on the
phosphorus load reductions that took place. A variety
of mechanisms, usually involving iron chemistry or
sediment release, have been invoked to explain this.*’
While Lake Washington, Wash., to which Lake
Sammamish is often compared, has demonstrated a
significant improvement in its eutrophication-related
water quality as a result of diversion of domestic
wastewater from it, Lake Sammamish has not shown
similar improvement after a similar type of control
measure®® Figure 2 shows that both Lake Sammamish
(No. 7) and Lake Washington (No. 9) responded as
predicted based on their respective P load reductions.
There does not appear to be a need to speculate on
"unusual" lake characteristics, such as unusually high
internal P load, iron as a controlling factor, or anything
else, to explain the response of Lake Sammamish to its
P load reduction. It appears that these factors have no
greater influence on this lake than they do on other water
bodies throughout the world.

Lake Shagawa is another water body frequently cited
as having failed to respond properly to P load reductions.
According to Porcella et al.,*® the lake has responded
as expected for the spring algal bloom. However, they
pointed out that the summer planktonic algal chlorophyll
levels have changed little in response to the P load
reductions. Figure 2 also shows that Lake Shagawa (No.
8) has not shown a significant change in planktonic algal
chlorophyll with the P load reduction. The year-to-year
variations in chlorophyll levels, however, seem to be
fairly substantial. Lee, in discussions with Larsen con-
cerning the Larsen et al.’° paper, pointed out that the
morphologic characteristics of Lake Shagawa are such
that it would not be expected to show a normal load-
response relationship. This is a result of the fact that the
thermocline in this lake is not stable during the summer.
High winds can readily destroy the thermocline and
thereby bring significant amounts of P derived from the
sediments from the hypolimnion to the photic zone. In
most water bodies the thermocline is either more or less
stable during the summer growing season, or the water
bodies are too shallow to stratify and allow appreciable
P accumulation to occur in the hypolimnion. It is evi-
dent from the Lake Shagawa situation that water bodies
that have morphologies that permit thermocline devel-
opment for appreciable parts of the summer (several
weeks to a month or more), followed by mixing of the P
accumulated in the hypolimnion into the surface water
during the summer growing season, may not follow typ-
ical load-response relationships.

Another apparent misconception that exists in eutro-
phication management is that shallow, highly eutrophic
lakes do not respond to P load reductions. It is alleged
that the high P regeneration from sediments (high in-
ternal load) "prevents" or "substantially delays" recov-
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ery. However, as discussed previously, the rate of recovery
of lakes following P load alteration can be reliably predicted
based on the water body's P residence time. Sonzogni et
al.*® showed that the rates of recovery of the lower Madison
lakes to Madison, Wis., wastewater diversion were as
predicted by their P residence time model. These water
bodies are highly eutrophic and are so shallow that their
thermoclines persist for no more than a few days at a time.
The OECD eutrophication modeling approach appro-
priately considers the impact of a water body's depth
through the mean depth normalizing factor (see
Vollenweider’ for the basis of this approach).

Finally, to circumvent potential confusion in the lit-
erature, it is worthwhile to note the reasons these authors have
excluded certain water bodies (not previously mentioned)
evaluated by Smith and Shapiro' from their analysis. The
nutrient control program for Cline's Pond involved in-lake
treatment that, while impacting the in-lake P concentration
(which is what was evaluated by Smith and Shapiro), did
not alter the P load (which is the driving force used for the
U. S. OECD models). The restoration technique used for
Green Lake was dilution of nutrient input. The U. S.
OECD models could be used to estimate the potential
impact of this measure through the P loading and hydraulic
residence time terms. However, not enough loading and
hydraulic residence time information was provided by the
original data source or Smith and Shapiro for this to be
accomplished. For Brown's Bay of Lake Minnetonka,
Little Otter Bay, East Twin and West Twin Lakes, and
Lakes Edssjon and Oxundasjon, cited by Smith and
Shapiro, insufficient before and/or after P load change or
response data were provided. Finally, the authors found
no evidence of a major P load change to Loch Leven other
than year-to-year variability, as was also noted by Smith
and Shapiro.”” While it would have been of interest to
these authors to compare the load-response couplings for this
water body to their U. S. water body lines of best fit,
hydraulic residence time data for this water body could not
be readily located or calculated.

With respect to the evaluation approach used by Smith
and Shapiro'’ and others, it is important to emphasize that
it is more appropriate to use load-response, rather than
nutrient  concentration-response  relationships ~ when
evaluating the potential impact of altering a water body's P
load because the former technique provides an estimate of
the steady-state or ultimate response. The reliability of the
use of P concentrations for evaluating the water quality
impact of a P load reduction, such as was done by Smith
and Shapiro," is largely dependent on the degree to which
the water body has approached steady-state conditions at
the time of measurement. Further, to predict the impact of
a load alteration using in-lake P concentrations necessitates
the use of additional models to derive P concentration
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changes that would occur as a result of P load alterations.
However, an empirical relationship has been found by the
authors between the normalized P loading term
[(L(P)/qs)/(1 +1,")] and the mean, in-lake, steady-state P
concentration:

[P, = 1.81 [(L(PY/Q)/(1 + Vr))** (1)
where
[P], = mean, in-lake, steady-state P
concentration in mg P/m?, and
(L(P}/’qs)f(l+\/;:,} = normalized P loading term pre-

viously defined.

This relationship is essentially the same as that found by
Vollenweider and Kerekes'* for the overall OECD water
body data base. It should be noted, however, as discussed
subsequently, that in-lake P concentrations should not be
used as a response parameter when the concern is water
quality management. Further, P concentration data, such
as those presented by Smith and Shapiro," should not be
mechanically converted to P load via Equation 1 or the
Vollenweider and Kereke' equation and used for
estimating or evaluating lake response.  Since these
equations were developed for steady-state conditions, they
should not be applied to P concentrations measured before
a period equal to three times the P residence time for the
water body has passed; that is, before the water body has
essentially reached a new equilibrium or steady state.

IMPLICATIONS FOR
EUTROPHICATION MANAGEMENT

It should be recognized that the eutrophication process
is a complex phenomenon affected by a number of physical,
chemical, biological, and social factors. The present-day
focus on phosphorus control has been brought about by the
fact that in the majority of lakes and impoundments, and
even in some estuarine systems, it is P that limits the
maximum planktonic algal biomass produced during
periods of water quality concern. Perhaps more significant
in the focus on P control is that P control options are more
readily available, socially acceptable, and inexpensive than
other potential focal points. Even in those water bodies in
which P does not control maximum summer biomass
production, if P can be reduced to a sufficient extent, the
system can often be forced to P limitation and hence,
become responsive to P load reduction. There are those
who go so far as to indicate that P is the underlying control
of eutrophication, even in N-limited waters.*® In any event, it
is evident that until the control of other factors becomes
less expensive and more effective, P will be and should be
the focal point of general eutrophication control.
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As discussed by Rast and Lee,'' it is obvious from

examination of the load-response correlations presented
herein, that a substantial change in the P-loading term
[(L(P)/qo)/(1 + 1,"%)] must be effected before an
analytically detectable, much less visually noticeable,
change in chlorophyll, Secchi depth, or oxygen depletion
rate will be noted. It is essential, therefore, when contem-
plating enacting a P control measure aimed at reducing these
response characteristics, that the P input decrease be
sufficient to provide a real improvement in water quality
characteristics. The models described in this paper will
render a quantitative assessment of the expected
improvement. The results of this study have demonstrated
the ability of the U.S. water body lines of best fit to predict
planktonic algal response to altered P loading with sufficient
accuracy for management decisions. That is, in general, the
differences between the estimated and actual concentrations
of chlorophyll or values for Secchi depth are not sufficient
to cause different decisions to be made regarding P load
reduction. Now, instead of water quality managers
"hoping for" an improvement in water quality-beneficial uses
to result from a given P control program, they can
determine what change will occur (as a new steady state is
approached) and evaluate whether or not the proposed action
will be worthwhile.

Extreme care should be exercised in the use of any
model to predict changes in water quality. The "me-
chanical" application of a model including those described
herein, without regard to a water body's peculiarities or to
the appropriateness of the assumptions of the models, can
result in erroneous predictions and conclusions. Smith and
Shapiro'® have recently re-emphasized this point.

Proper consideration should be given, in the evaluation
of any P control program, to the desired goals of the
control. As discussed by Lee et al.,*” "water quality" cannot
be judged solely by the concentrations of contaminants—in
this case, phosphorus—in a water body. Phosphorus does
not adversely affect much unless it produces undesirable
growths of aquatic plants. Chlorophyll concentration, Secchi
depth, or oxygen depletion rate, while they are response
parameters and are "water quality characteristics," often
cannot be used alone for assessing water quality, either. For
example, it is well known that significant reductions in the
phosphorus load to Lake Washington have resulted in a
decrease in the chlorophyll level and an increase in the mean
Secchi depth transparency in the lake.”® At the same time,
however, the increased water transparency has also resulted
in an increase in the standing crops of attached algae and
macrophytes in the lake. It is reported that although the
phytoplankton levels have decreased in the lake, growth of
the macrophyte Eurasian milfoil has increased to the point
that it is significantly interfering with the recreational use
of the water in a number of bays in the lake.*” These nui-
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sance growths have progressed to the point that both
mechanical harvesting and herbicides are being used in an
attempt to alleviate them. A general increase in the
macrophyte population was also seen in Lake Shagawa
following reductions in the phosphorus load to this lake.”
It was reported that the increased macrophyte population
had resulted in reduced walleye and yellow perch populations
and increased populations of northern pike, because of
habitat alterations. Such secondary effects could not be
predicted with the phosphorus loading models described
above, although specific examination of the water body for
substrate characteristics, areas of shallow water, and other
features may have shed light on this outcome. This points
again to the importance of not blindly applying the U.S.
OECD models and of understanding the potential lim-
itations of the predictions if only the basic information
needed for model input is available for a water body.

Further, rather than being based solely on the values of
water quality characteristics, water quality must be judged
in terms of desired beneficial uses of a specific water body.
Vastly different eutrophication control measures may be
appropriate for a water body that users enjoy for its
aesthetically pleasing (that is, clear) water (such as Lake
Tahoe), and one used as a warmwater sports fishery. With
regard to the latter case, as noted previously, the authors
have derived a P load-fish yield response relationship, the
same in principle as those described herein."® While not as
well developed or well evaluated, the general relationship is
clear; the greater the P load, the greater the fish yield.
Eutrophication control is, then, a trade-off to some extent
between aesthetics and fishability. Although caution must
be exercised in using concentration values as cut-off marks
for water quality characterizations, Jones and Lee" do
present general guidelines for the use of the numeric values
for water quality characteristics as a means of assessing
recreational-aesthetic water quality. But as they point out,
the value ranges and "classifications" they present should be
used only as a guide, not as a fixed-number classification/
decision-making system.

In assessing the "goodness of fit" or the adequacy or
accuracy of the predictions of a eutrophication model for
water quality management, it is important to keep in mind
the purpose of the modeling effort, the sensitivity of the
management decision to model output, and the detectability
of the response parameter by the public. For example, a
model's predicting that the average chlorophyll level will
decrease from 50 to 25 pg/L is, for management purposes,
essentially the same as its predicting a decrease to 20 or 35
ug/L because the ecutrophication-related water quality
characteristics generally of greatest concern are similar at all
of these levels. However, a predicted decrease from 20 to 5
pg/L chlorophyll may evoke a different decision than that
which would be made if the decrease were predicted to be
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to 10 pg/L because the public can generally see a
difference in characteristics between waters having 5
and 10 pg/L average chlorophyll. This concept is
discussed further by Jones and Lee."?

In spite of the above precautions and considerations,
it is clear, from the perspective of lake management,
that the statistical phosphorus load-lake response models
of the type discussed above represent considerable steps
forward in the development of effective quantitative
tools for predicting and assessing the water quality im-
pacts of phosphorus control programs for combatting
eutrophication. The results of the U. S. portion of the
North American Project,'' as well as of the overall
OECD Cooperative Programme,'* indicate that the nu-
trient load-lake response models of the type described
here can be applied successfully to practical manage-
ment of water bodies as long as water quality managers
remain aware of the shortcomings and limitations of the
study itself, and the conditions under which the models
should and should not be applied.

It is noteworthy that the statistical modeling approach
described above has been used already in a number of
situations and has been found to be a very satisfactory
predictive tool in comparison with other modeling ef-
forts. Simons and Lam,’’ for example, have compared
the predictive capability of a simple input-output model
based on Vollenweider's’ mass balance approach, with
that from a more elaborate, two-layer, two-component
model and concluded that the two models appear to
have an equivalent predictive capability for the overall
response of a lake to changing phosphorus loading con-
ditions. An even more impressive example is provided
by Bierman®® and Vallentyne and Thomas,” who com-
pared the predictions of five different models, including
the approach of Vollenweider,” in setting phosphorus
loading objectives for the North American Great Lakes.
Bierma’” concluded that, although the data for the ini-
tial conditions were not equivalent in all cases, all the
models for a given lake gave comparable results for the
desired in-lake water quality conditions. The phosphor-
rus loading objectives produced as a result of this mod-
eling effort, in fact, have since been designated by the
governments of the U.S. and Canada as phosphorus tar-
get loads for the North American Great Lakes.>

Lee et al.”’ discussed an interesting application of
the predictive capability of these models to evaluate the
change in water quality characteristics (specifically, hy-
polimnetic oxygen depletion) of Lake Mendota, Wis.,
between the early 1900s and present. Based on the U.S.
waterbody line of best fit (Figure 4), current oxygen
depletion rates and P loading, and the reported oxygen
depletion rates for 1906-1909, an estimate was made of
the P load in 1906-1909. This loading and a literature
value for Secchi depth for 1916 was plotted on the P
loading-Secchi depth model (Figure 3). It was found to
plot close to the line of best fit. Even more remarkable
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was the fact that this coupling was "up" the line of best
fit from Lake Mendota's current position, giving cred-
ibility to the assumptions made. Such a "retrospective"
approach can be useful in defining the water quality of a
water body at some time in the past (by knowing
changes in land use) or in determining the impact certain
activities of the past may have had on water quality. In
the case of Lake Mendota, it was used to conclude that
the demise of the cold water fish, cisco, was the result
of increased development of the Lake Mendota wa-
tershed principally as increased urban area and more
intensive agriculture. The land-use changes increased
the P loading, which produced greater amounts of phy-
toplankton, which in turn increased the rate of deoxy-
genation of the hypolimnion immediately below the
thermocline, which finally made this water (the cisco
niche) uninhabitable for them.

Smith and Shapiro'® have discussed the efficacy of
empirical models for assessing eutrophication in water
bodies. They have examined the relationship between
the in-lake total P and chlorophyll concentrations in
several water bodies in the U.S., Canada, and Sweden
(most of which are included herein) and concluded that
reduction in the total P concentrations in these water
bodies are typically accompanied by consistent declines
in their chlorophyll levels, although they have also ex-
pressed the view that all water bodies do not respond in
an "identical" manner to P reductions, and that the
"unique" responses of each lake will contribute to the
variability of such models. Rast and Lee’® and these
authors concur in these basic conclusions although Rast
and Lee’® also point out problems inherent in both the
data base and the analyses of Smith and Shapiro. When
such problems are appropriately considered in the anal-
yses, Rast and Lee have concluded that, for the purpose
of lake management, the Smith and Shapiro'® relation-
ships present adequate predictions within well-defined
confidence intervals. In addition it should be recalled
that the P loading term [(L(P)/qy)/(1 + 1,,"?)] defines the
predicted in-lake, steady-slate total P concentrations’
within  the  statistical limitations defined by
Vollenweider and Kerekes.'* Accordingly, if the P
loading term were substituted for the average in-lake
total P  concentration (after appropriate data
transformation) in the graphs of Smith and Shapiro, the
resulting correlation would likely be similar to the P
load-chlorophyll correlation expressed in Figure 2. The
reader is referred to Rast and Lee’® for a more detailed
discussion analysis of the work of Smith and Shapiro
within the context of water body management for the
effective control of eutrophication.

Implications for Section 314A lake restoration.
With all the load alterations that have been undertaken
for water bodies around the world and with the tens of
millions of dollars that have been spent on such water
quality management over the past 10 to 20 years, it is
amazing to the authors that adequate load and response
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data for before and after P loading changes are available on
fewer than a dozen water bodies. Lee’’ pointed out over 10
years ago that money should be spent as part of "lake
restoration" to develop a data base whereby a reliable
procedure to predict the impacts on water quality—
beneficial uses of water bodies—could be developed and
evaluated. Unfortunately, such monies were not made
available. It is indeed fortuitous that there are "before"
and "after'" data available on at least some water bodies.
Certainly a greater portion of the Section 314A lake
classification money should have been ear-marked for pre-
P load change (or other restoration) studies of water
bodies, as well as follow-up post-load change studies. The
314A activities should have been used as learning tools to
help with future water body evaluation and restoration.
Without such studies and subsequent overall evaluations of
those study results, knowledge of potential benefits to be
derived from water body "restoration” techniques will not
be substantially advanced. While the U.S. OECD load-
response models will reliably predict the impact of altering
P loads to many water bodies for recreational water
management, there are other beneficial uses of concern to
the public for which there is a need for additional
information to develop and evaluate relationships between
load and response. Lee and Jones®® have developed a
manual on conducting studies of the type needed to
develop an adequate "before" and "after" data base for
evaluating the impact of altered loads on water quality.
Any lake restoration effort should be accompanied by a 3-
year pre-change study and a 3-year, post-change study, of
the type described by them.
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